Summary
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1. With ambitious renewable energy targets, pile driving associated with offshore wind 20 farm construction will become widespread in the marine environment. Many proposed 21 wind farms overlap with the distribution of seals and sound from pile driving has the 22 potential to cause auditory damage. 23 2. We report on a behavioural study during the construction of a wind farm using data 24 from GPS/GSM tags on 24 harbour seals Phoca vitulina L. Pile driving data and acoustic 25
propagation models, together with seal movement and dive data allowed the prediction 26 of auditory damage in each seal. 27 3. Growth and recovery functions for auditory damage were combined to predict 28 temporary auditory threshold shifts in each seal. Further, M-weighted cumulative 29
Sound Exposure Levels [cSELs(Mpw)] were calculated and compared to permanent 30 auditory threshold shift exposure criteria for pinnipeds in water exposed to pulsed 31 sounds. 32 4. The closest distance of each seal to pile driving varied from 4.7 to 40.5 km and predicted 33 maximum cSELs(Mpw) ranged from 170.7 to 195.3 dB re 1µPa 2 -s for individual seals.
34
Comparison to exposure criteria suggests that half of the seals exceeded estimated 35 permanent auditory damage thresholds. 36 5. Prediction of auditory damage in marine mammals is a rapidly evolving field and has a 37 number of key uncertainties associated with it. These include how sound propagates in 38 shallow water environments, and the effects of pulsed sounds on seal hearing; as such, 39 our predictions should be viewed in this context. 40 6. Policy implications. We predicted that half of the tagged seals received sound levels from 41 pile driving that exceeded auditory damage thresholds for pinnipeds. These results 42 have implications for offshore industry and will be important for policy-makers 43 developing guidance for pile driving. Developing engineering solutions to reduce sound 44 levels at source, or methods to deter animals from damage risk zones, or changing 45 temporal patterns of piling could potentially reduce auditory damage risk. Future work 46 should focus on validating these predictions by collecting auditory threshold 47 information pre-and post-exposure to pile driving. Ultimately, information on 48 population-level impacts of exposure to pile driving is required to ensure that offshore 49 industry is developed in an environmentally sustainable manner. 50 51 52
Introduction
53
Ambitious renewable energy targets have been developed to mitigate potential impacts of 54 climate change (Jay 2010; Toke 2011 ). This has led to the proposed installation of several 55 thousand wind turbines throughout coastal areas of Europe. Proposed wind farms are often 56 located on offshore sandbanks, which are also important habitats for marine mammals. For 57 example, harbour seals Phoca vitulina L. exhibit at-sea movements that overlap extensively with 58
proposed wind farm locations in the North Sea (Sharples et al. 2012; Russell et al. 2014 ) and 59 their distribution has been shown to be clustered around features such as offshore banks 60 (Thompson 1993 ). This co-occurrence has led to concerns about the potential impacts of wind 61 farms on marine mammals; concerns derive primarily from the production of intense impulsive 62 sounds over periods of several months during impact pile-driving of turbine foundations (e.g. centre frequencies of 100, 500, 750, and 1000 Hz, at source levels 60 dB above the harbour seal 77 hearing threshold (at the centre frequency); this resulted in an average 4.8 dB temporary 78 decrease in hearing sensitivity (Kastak et al. 1999) . Similarly, harbour seals exposed to octave-79 band white noise centred at 4 kHz (bandwidth 2.8-5.7 kHz) exhibited statistically significant 80 TTS (>2.5 dB) when exposed to unweighted source levels of 136 dB re 1 µPa for 60 minutes and 81 148 dB re 1 µPa for 15min (Kastelein et al. 2012) . 82
After a TTS, the time to recovery depends on the level of shift incurred; in general, the greater 83 the shift, the longer the recovery period (Carder & Miller 1972; Mills, Gilbert & Adkins 1979 ).
84
For example, the auditory sensitivity of a harbour seal with mean TTSs of 2 to 12 dB as a result 85 of exposure to octave band white noise with a centre frequency of 2,500 Hz and net exposure 86 durations of 22 min at 137 dB re 1 µPa @1m (which is equivalent to 80 dB above the hearing 87 threshold of the seal at the centre frequency), and durations of 25, and 50 min at 152 dB re 1 88 µPa @1m (which is equivalent to 95 dB above the hearing threshold of the seal at the centre 89 frequency), recovered fully within 24 h (Kastak et al. 2005) . In a more recent study, a harbour 90 seal was exposed for 60 minutes to an octave band white noise centred around 4 kHz with a 91 considerably higher sound pressure level (SPL) of 163dB re 1 µPa (corresponding to 22-30 dB 92 above levels causing TTS exceeding 2.5dB). This elicited a TTS of 44dB which only recovered 93 after 4 days (Kastelein, Gransier & Hoek 2013) . 94 Southall et al. (2007) developed an approach for evaluating the effects of anthropogenic sound 95 on marine mammals. They developed a series of weighting curves based on the hearing 96 characteristics of five functional marine mammal species groups and reviewed auditory damage 97 studies to provide initial exposure criteria for pulsed and non-pulsed sounds. They predicted 98 that for pinnipeds exposed to pulsed sounds underwater, the onset of PTS would occur at 99 weighted cumulative sound exposure levels (cSELs) of 186 dB re 1 µPa 2 -s (Mpw). For pinnipeds 100 exposed to non-pulse sounds underwater, the predicted PTS onset threshold was at a weighted 101 cSEL of 203 dB re 1 µPa 2 -s (Mpw) (Southall et al. 2007 
Pile driving 125
Throughout the period of this study (2 January-11 May 2012), 31 monopiles were installed 126 using pile driving. Installation was carried out using a jack-up vessel with an MHU 1900S 127 hydraulic hammer. The temporal pattern of pile driving was characterised by intermittent 128 piling periods (~4-5 hours in length) followed by gaps from a few hours to a few days ( Figure  129 1). Within individual pile installations, the median inter-strike interval was 2 seconds (SD=12 130 seconds) and the maximum blow energy was ~2,000 kJ per strike. A ramp-up procedure was 131 carried out during all installations; in general, there was an increase from 100 to 700 kJ over the 132 first 60 minutes before increasing to 2,000 kJ for the remaining installation. A total of 77,968 133 piling strikes were carried out during our study. 134
Telemetry
135
To measure the movements and proximity of seals at sea to pile driving, GPS/GSM tags 136 (McConell et al. 2010) were deployed on 25 harbour seals in January 2012. Of these, three tags 137 collected data for less than 2 days (and were therefore excluded from the dataset) with the 138 other 22 collecting data for between 49 and 171 days (Table 1) . Furthermore, two seals tagged 139 during a concurrent study approximately 200 km to the south moved into the study area during 140 pile driving and were included in the dataset. Therefore, data from 24 seals were used for 141 further analyses. 142
Seals were captured whilst hauled out on intertidal sandbanks and were anesthetised with 143
Zoletil ® or Ketaset ® in combination with Hypnovel ® . The tags were attached to the fur at the 144 back of the neck using Loctite ® 422 Instant Adhesive. Capture and handling procedures are 145 described in more detail by Sharples et al. (2012) . All procedures were carried out under Home 146
Office Animals (Scientific Procedures) Act licence number 60/4009. 147
The tags are data loggers that attempt to record the location of a seal at regular intervals using a 148 hybrid GPS (Fastloc ® ) system. Stored location and dive data are opportunistically relayed 149 ashore by means of an embedded mobile phone (GSM) modem. These tags provided seal 150 locations approximately every 15 minutes. The data were cleaned and erroneous locations 151 removed using thresholds of residual error and number of satellites; tests on land using these 152 thresholds showed 95% of the cleaned locations had an error of <50m (Russell, Matthiopoloulos 153 & McConell 2011) . Further, dive data were provided as nine depth points distributed equally in 154 time throughout each dive. During periods of pile driving, tracks of seals were interpolated 155 linearly between successive GPS locations to provide estimated locations at one second 156 intervals. Similarly, dive depths at each of these locations were estimated through linear 157 interpolation between successive measured dive depths. These provided estimated 3D 158 locations of each seal at one second intervals throughout periods of pile driving. 159
Acoustic exposure 160
To predict the acoustic exposure from pile driving for each seal, the source characteristics of the 161 pile driving were derived from existing literature and a series of acoustic modelling approaches 162 were carried out; these are described in Appendix S1 in the Supporting Information. Effectively, 163 a median peak-to-peak source level estimated during previous pile driving at the same wind 164 farm (Nedwell, Brooker & Barham 2011) was used as a source level for pile driving in this 165 study; this value was then corrected for changes in pile driving hammer blow energy by relating 166 individual piling stroke blow energy information (provided by the windfarm developer) with 167 peak-to-peak received levels from recordings made with an autonomous moored sound 168 recorder (DSG-Ocean Acoustic Datalogger; Loggerhead Instruments, FL, USA). This recorder 169 was moored at a range of 4,900 m from the pile driving location. This information, together 170 with information on the mean duration of a pile driving pulse and the mean difference between 171 the peak-to-peak and root mean square sound pressure levels (SPL), was used to derive the 172 Sound Exposure Level (SEL) of a pile driving single-pulse. Using these approaches, the pile 173 driving was estimated to have a maximum single-pulse SEL of 211 dB re 1 µPa 2 -s at the 174 maximum blow energy of 2,000kJ. 175
Transmission loss across the study area was then estimated using range dependent acoustic 176 models (Collins 1993); these are described in detail in Appendix S1 in the Supplemental 177
Information. This was calculated along 5 degree radii from each of the pile driving source 178 locations out to a range of 200 km. At each 1-km interval, transmission loss at a series of water 179 depths was estimated; these were one metre and each 5 metre depth interval from 5 to 110 180 metres depth (the maximum seal dive depth during the study). The acoustic models were 181 validated using boat based recordings during the installation of one of the piles; these 182 recordings covered the full range of pile driving blow energies. Recordings were made using a 183
Reson TC 4014 hydrophone with a Brüel and Kjaer amplifier (type 2635) and a calibrated 184
Avisoft Ultrasoundgate 416 digital acquisition system at a sample rate of 192 kHz. Recording 185 locations varied between 1,000 and 9,500 m from the pile driving. 186
Prediction of auditory damage 187
To predict the potential for auditory damage in each seal, received SELs for each pile driving 188 pulse were estimated at the location of each of the seals using the approach described above; 189 seal locations and depths were matched to the transmission loss estimates at the associated 190 location and depth for each individual pile driving pulse to estimate received SELs (Figure 2 and  191 3). 192
Auditory damage was predicted in individual seals using two approaches. These were based on (Figure 6 and Table 1 ). In total, 252 twelve (50%) of the seals were predicted to receive cSELs (Mpw) that exceeded the estimated 253 PTS onset threshold of 186 dB re 1 µPa 2 -s (Mpw) for pinnipeds in water exposed to pulsed 254 sounds (Southall et al. 2007 ). The number of times these twelve seals exceeded the threshold 255 varied between one and nine (Table 1) . 256
Out to ranges where the acoustic propagation models were formally validated (~10 km), a total 257 of five seals were present during pile driving with closest approaches ranging from 4.7 to 9.8 km 258 from the pile driving location. Predicted maximum threshold shifts for these five seals ranged 259 from 0.8 to 24.5 dB (Table 1) . Of these five seals, three (60%) were predicted to exceed the 260 estimated PTS onset threshold for pinnipeds in water exposed to pulsed sounds (Southall et al. 261 2007) between one and nine times ( relatively low in three of the seals (<6 dB), the majority of seals (21 out of 24) were predicted to 277 get TTS greater than 6dB, and two seals were predicted to get high levels of TTS (>20dB). 278
Using the M-weighted cSELs and the PTS onset criteria for pulsed sounds (Southall et to pulsed noise showed substantially more threshold shift than a control group exposed to 309 continuous pink noise (where signals were matched by exposure duration and SPL(RMS)) (Dunn 310 et al. 1991) . Furthermore, Buck (1982) examined the effect of impulse rate on Guinea pigs Cavia 311 porcellus and showed that TTS was greatest at a presentation rate of 1 per second and could be 312 reduced by either increasing or decreasing this rate (Buck 1982 showed that recovery of TTS began within milliseconds of the end of exposure and continued 315 for several hours. However, the presentation of tones intermittently effectively disrupted the 316 recovery mechanism and led to longer recovery post exposure compared to continuous 317 exposure (Price 1976) . 318
The disparity in TTS growth between impulse and continuous noise exposures can also be seen Prediction of auditory damage is further complicated by uncertainties in the nature of the 326 pulsed sounds of pile driving. First, it is important to highlight that the received levels in this 327 study are derived from a series of acoustic models with associated assumptions; however, the 328 sound propagation models used here have been benchmarked previously (e.g. Matthews & 329
MacGillivray 2013) and are widely employed in the acoustics community. Furthermore, our 330 validation suggests that the models provide an accurate means of predicting received levels out 331 to at least 10 km from the pile driving. Nevertheless, we measured a mean error in single pulse 332 SEL of +2.3 dB re 1 µPa 2 -s (a positive value represents an overestimate); in terms of auditory 333 damage prediction, if we incorporate this error into the predictions, all seals were still predicted 334 to receive relatively high exposure but the number of seals exceeding the PTS onset threshold 335 for pulsed sounds (Southall et al. 2007 ) reduces from twelve to seven. Similarly, predicted 336 maximum threshold shifts for individuals reduce from between 1.6 and 23.0 dB (Table 1) to 337 between 0.5 and 18.9 dB when this error is incorporated. 338
A second important point is that pulsed sounds are described as brief, broadband, atonal, where the seals were a long distance from the pile driving. Rise times for the pile driving signals 345 in our recordings were generally short. but did increase from around 35 to 100 msec between 1 346 and 10 km from the source; these appear to be within the range of rise times previously 347 measured in industrial pulsed sounds (e.g. Źera 2001) and it would therefore seem valid to use 348 the pulsed threshold in our study out to at least 10 km. This would support our prediction that 349 of the five seals within 10 km of pile driving, three exceeded the PTS onset threshold for pulsed 350 sounds (Southall et al. 2007) . However, at longer ranges, it is arguable that the pile driving 351 signals may no longer be considered impulsive and the nonpulse PTS threshold criteria for 352 pinnipeds (cSEL: 203 dB re: 1 µPa 2 -s) may be more appropriate; using this approach, none of 353 the seals beyond 10 km from the pile driving would have exceeded the PTS threshold. 354
Although there are uncertainties associated with the predictions made here, using current 355 published auditory damage thresholds for pinnipeds exposed to pulsed sounds, half of the seals 356 were predicted to exceed the PTS onset threshold (Southall et al. 2007 
